High-dose total body irradiation (TBI) as the result of a nuclear accident, terrorist event, or as a clinical therapy for cancer, has significant hematopoietic toxicity. TBI destroys the hematopoietic stem cells (HSC) in the bone marrow compartment, which are critical for blood cell regeneration [1] . Following lethal TBI to the hematopoietic system, mortality in mice typically occurs between 2 and 4 weeks postirradiation. Death results from immune function impairment, infection, and increased vascular permeability and microvascular hemorrhage in vital organs, such as the brain and gastrointestinal (GI) tract. Of clinical importance, severe and prolonged cytopenia is a major cause of morbidity and mortality following myeloablation and HSC transplantation in the clinical setting [2] .
The sensitivity of the hematopoietic system to radiation is believed to be due to the relatively rapid cycling times of both short-term and long-term reconstituting hematopoietic stem cells (ST-HSC and LT-HSC, respectively) [3, 4] . Compared with quiescent or slowly cycling cells, rapidly cycling cells are predisposed to increased DNA damage from radiation exposure, resulting in higher levels of apoptosis or senescence [5] . Agents that induce quiescence of the HSC population inhibit HSC apoptosis and Objective. Angiotensin II (Ang II), a potent vasoconstrictor, affects the growth and development of hematopoietic cells. Mixed findings have been reported for the effects of angiotensin-converting enzyme (ACE) inhibitors on radiation-induced injury to the hematopoietic system. We investigated the consequences of different regimens of the ACE inhibitor captopril on radiation-induced hematopoietic injury. Materials and Methods. C57BL/6 mice were either sham-irradiated or exposed to 60Co total body irradiation (0.6 Gy/min). Captopril was provided in the water for different time periods relative to irradiation. Results. In untreated mice, the survival rate from 7.5 Gy was 50% at 30 days postirradiation. Captopril treatment for 7 days prior to irradiation resulted in radiosensitization with 100% lethality and a rapid decline in mature blood cells. In contrast, captopril treatment beginning 1 hour postirradiation and continuing for 30 days resulted in 100% survival, with improved recovery of mature blood cells and multilineage hematopoietic progenitors. In nonirradiated control mice, captopril biphasically modulated LinL marrow progenitor cell cycling. After 2 days, captopril suppressed G0LG1 transition and a greater number of cells entered a quiescent state. However, fter 7 days of captopril treatment LinL progenitor cell cycling increased compared to untreated control mice. Conclusion. These findings suggest that ACE inhibition affects hematopoietic recovery following radiation by modulating the hematopoietic progenitor cell cycle. The timing of captopril treatment relative to radiation exposure differentially affects the viability and repopulation capacity of spared hematopoietic stem cells and, therefore, can result in either radiation protection or radiation sensitization. Published by Elsevier Inc. on behalf of the ISEH -Society for Hematology and Stem Cells.
senescence and thereby prevent radiation-induced stem cell pool exhaustion. Our laboratory has shown that the isoflavone genistein transiently arrests the LT-HSC in the G 0 / G 1 phases of the cell cycle and reduces radiation-induced genotoxicity, senescence, and stem cell pool exhaustion [6, 7] . However, prevention of mortality from radiationinduced hematopoietic injury can also be achieved by agents that promote proliferation of the ST-HSC to replenish mature blood cells, although at the transient expense of reduced LT-HSC pools. The radiation protective agents granulocyte-colony stimulating factor, interleukins, and thrombopoietin, for example, increase proliferation and differentiation of ST-HSC and promote mature blood cell repopulation [4, 8, 9] . The renin-angiotensin system is critical for regulation of blood pressure and blood volume homeostasis [10] , but components of this system also regulate proliferation and maturation of hematopoietic cells. Angiotensin II (Ang II) directly modulates development and proliferation of hematopoietic progenitor cells (HPC) through Ang II receptors on the surfaces of these cells [11] [12] [13] [14] . Plasma levels of Ang II are tightly regulated, and the protease angiotensinconverting enzyme (ACE) is required for the maturation of Ang II from its inactive precursor angiotensin I. Inhibition of ACE blocks the formation of active Ang II and can reversibly inhibit HSC proliferation in cell culture and in vivo [14] [15] [16] .
The literature provides mixed reports for the effects of Ang II and ACE inhibitors on radiation-induced hematopoietic injury. Mice administered Ang II for 2 to 7 days beginning the day of irradiation exhibited increased 30-day survival and improved white blood cell recovery [17, 18] , presumably through increased proliferation and selfrenewal of spared multilineage hematopoietic stem and progenitor cells. Paradoxically, positive results have also been reported for hematopoietic radiation protection by ACE inhibitors. Early studies showed that the ACE inhibitor captopril failed to provide bone marrow protection in rats when administration was initiated 7 days prior to irradiation and continued for 28 days after irradiation [19] . However, perindopril, another ACE inhibitor, increased 30-day survival and protected ST-HSC when mice were treated for only 4 consecutive days beginning 2 days prior to irradiation through 2 days postirradiation [20] . This protection was shown to be due to the inhibition of Ang II maturation, because inhibitors of the Ang II type I receptor had similar protective effects on the hematopoietic system.
In this article, radiosensitization and radioprotection, respectively, are defined as increased sensitivity or increased protection of cells, tissues, or organisms to gamma radiation, as a result of an agent being administered before and/or after radiation exposure. We demonstrate that captopril can have either radiosensitizing or radioprotective effects, depending on the time of administration relative to radiation exposure. Mice administered captopril for 7 consecutive days prior to irradiation exhibited radiosensitization, while treatments that began as early as 1 hour or 24 hours after irradiation were protective. The sensitizing vs protective effects of the two types of regimens were reflected in the severity of radiation-induced weight loss and in the repopulation rates of hematopoietic progenitor cells.
Materials and methods

Experimental design
Female C57BL/6J mice (The Jackson Laboratory, Bar Harbor, ME, USA) were 12 to 14 weeks of age (17.5À21.5 g) at the time of irradiation. Mice were housed in groups of four to five per cage in a facility accredited by the Association for Assessment and Accreditation of Laboratory Animal Care International. Animal rooms were maintained at 21 C 6 2 C, 50% 6 10% humidity, and 12-hour light/dark cycle. Commercial rodent ration (Harlan Teklad Rodent Diet 8604, Harlan Laboratories, Madison, WI, USA) and acidified water (pH 2.5À3.0), to control opportunistic infections [21] , were freely available. All animal handling procedures were performed in compliance with guidelines from the National Research Council and were approved by the Institutional Animal Care and Use Committee of the Armed Forces Radiobiology Research Institute (Bethesda, MD, USA). Naïve mice were randomized and assigned to groups that received either no treatment or various regimens of captopril treatment. We previously determined that 7.5-Gy TBI results in 50% lethality within 30 days (LD 50/30 ) for C57BL/6J mice in Armed Forces Radiobiology Research Institute's 60 Co radiation facility [6] . As described previously [22] , mice in the current experiments received TBI at 0.6 Gy/min. Control mice were sham-irradiated. Captopril (USP grade; Sigma-Aldrich, St Louis, MO, USA) was dissolved in acidified water at 0.55 g/L. A previous study established the stability of captopril in acidified water [23] . The effect of captopril on water intake was monitored for 30 days, with and without irradiation (Fig. 1) . Captopril resulted in an increase in the daily volume of water consumed by nonirradiated mice (control 3.20 6 0.03 mL/day vs captopril treatment 4.00 6 0.20 mL/ day). Radiation exposure resulted in a reduction in the average water consumption for approximately 2 weeks and was mitigated by captopril (Fig. 1) . The average captopril consumption was calculated based on volumes of water consumed and body weights during the time course of the experiments. Nonirradiated mice had an effective dosage of 0.11 6 0.01 mg/kg/day. In irradiated mice given captopril prior to irradiation, the average consumption was 0.10 6 0.02 mg/kg/day. In mice treated with captopril after irradiation, the average consumption was 0.10 6 0.05 mg/kg/day.
For survival studies, mice were randomly assigned to one of seven groups. Two groups were sham-irradiated (nonirradiated: handled/manipulated the same as irradiated mice): 1) no treatment (n 5 20) and 2) captopril for 30 days (n 5 20). Five groups received a single dose of 7.5-Gy TBI and were treated with or without captopril. The following groups received radiation (day 0 5 day of irradiation): 3) no treatment (n 5 16), 4) captopril for 7 days before irradiation through 30 days postirradiation (days À7 through þ30) (n 5 20), 5) captopril for days À7 through 0 (n 5 20), 6) captopril for days þ1 (beginning 24 hours after irradiation) through þ7 (n 5 20), and 7) captopril for days 0 (beginning 1 hour after irradiation) through þ30 (n 5 20). Survival was monitored for 30 days after TBI.
For hematological and tissue analysis, mice were randomized into one of five groups. Two groups were sham-irradiated (nonirradiated): 1) no treatment and 2) captopril-treated. The dose of irradiation for hematology or tissue analysis was either 7.5 Gy or 6 Gy, and groups were: 3) no treatment, 4) captopril for days À7 through 0, and 5) captopril for day 0 through the day of tissue harvest.
Mice were anesthetized with pentobarbital and blood was obtained by cardiac puncture, as described previously [6] . Complete blood counts with differentials were obtained using a Baker Advia 2120 Hematology Analyzer (Siemens, Tarrytown, NY, USA). Separate mice were used at each time point (n 5 5À6 per group). For determination of microhemorrhage, gross necropsies were performed on mice at the time of death or at the study termination end point (day 10 or day 14) (n 5 6À10 per group). Organs, especially the GI tract and brain, were screened for hemorrhage, either petechiae or ecchymoses. Tissues with hemorrhage were immersion fixed in 10% neutral-buffered formalin with ionized zinc (Z-Fix; Anatech Ltd, Battle Creek, MI, USA).
Hematopoietic progenitor colony-forming cell assays
Femoral bone marrow cells were isolated as described previously [22] . Unfractionated bone marrow cells were plated in multipotential methylcellulose culture medium (Methocult GF M3434; StemCell Technologies, Vancouver, BC, Canada) at 1 to 5 Â 10 4 cells per dish. Colonies derived from colony-forming unit granulocyteerythroid-macrophage-megakaryocyte (CFU-GEMM), colonyforming unit granulocytic-macrophage (CFU-GM), blast-forming unit erythroid (BFU-E), and colony-forming unit macrophage (CFU-M) were scored after 8 to 12 days of incubation in a humidified environment, 5% CO 2 as described previously [22] . Absolute numbers of clonogenic CFU progenitor cells per femur were calculated based on the total number of viable, nucleated cells per femur and on the number of colonies scored per number of cells plated.
Cell-cycle analysis of Lin
À and LSK þ cells Lin À bone marrow cells were isolated using mouse Lin À cell magnetic cell sorting (MACS) Cell Selection Kits according to manufacturer's instructions (Miltenyi Biotec, Auburn, CA, USA). Cellcycle analysis was performed as described previously [22] . Lin À cells were incubated for 30 minutes at 4 C with R-phycoerythrinÀSca-1 and allophycocyanin-conjugated anti-mouse CD117 (cKit; antibodies from BD-Pharmingen, San Jose, CA, USA). After surface staining was complete, Lin À cells were washed, fixed with 0.5 mL 1.4% paraformaldehyde in phosphate-buffered saline for 1 hour at 4 C, and then incubated with an equal volume of 0.2% Triton-X overnight. Fixed, permeabilized Lin À cells were stained with Ki-67Àfluorescein isothiocyanate (BD Pharmingen) for 2 hours. Cells were washed and resuspended in staining buffer containing 2 mg/mL 7-aminoactinomycin-D (Sigma). Lin
were analyzed for Ki-67 expression and 7-aminoactinomycin-D incorporation by performing four-color parameter sorting using a Coulter Elite flow cytometer (Coulter, Hialeah, FL, USA).
Statistical analysis
Fisher's exact test was used for analysis of survival data. Weight data were analyzed using one-way analysis of variance and Dunn's test, using SigmaStat, 3.1 (Point Richmond, CA, USA). Hematology, clonogenic CFU assays, and cell-cycle results are expressed as the mean 6 standard error of mean. Statistical significance between the paired results was determined using one-way analysis of variance followed by Holm-Sidak or Tukey postanalysis. A value of p # 0.05 was considered significant. Mean survival time (MST) of decedents over 30 days was determined by the Kaplan-Meier survival analysis, using Single Group statistics in the SigmaStat, 3.1 software. Figure 1 . Effect of captopril on drinking water consumption. Volume of water consumed was measured each day for the full-time course of the experiment. The estimated volume of water consumed per mouse was calculated. Captopril was administered preirradiation from day À7 to day 0 (day of irradiation). Captopril administered postirradiation was from day 0 (beginning 1 hour after irradiation) to day þ30.
Results
Effect of captopril regimens on 30-day survival following 7.5-Gy TBI We previously showed that for female C57BL/6J mice the LD 50/30 was 7.52 Gy (95% confidence interval [CI], 7.44À7.59) in our 60 Co facility [24] . We used this dose of irradiation to determine the effects of captopril treatment either before, after, or before and after irradiation. In untreated irradiated mice that received 7.5 Gy, 30-day survival was again 50%. The MST of decedents was 20 days (95% CI, 15À25) ( Fig. 2A, B) . The timing of mortality was consistent with acute hematopoietic injury.
Administration of captopril prior to irradiation resulted in radiosensitization. When captopril administration began 7 days before irradiation (day À7) and continued until the day of irradiation (day 0), none (0%) of the mice survived, and the MST was 17 days (95% CI, 16À18). Mice pretreated with captopril for 7 days before irradiation and continuing through day 30 postirradiation (day þ30) also exhibited radiosensitization, with 15% survival (p ! 0.05 compared to untreated irradiated mice) and an MST of 21 days (95% CI, 20À22). In marked contrast, mice that received captopril only after irradiation exhibited a protective effect against hematopoietic injury. Thirty-day survival was 85% for mice that were administered captopril Figure 2 . Treatment of mice with captopril following high-dose irradiation is radioprotective, whereas treatment prior to irradiation has a radiosensitization effect. Mice were untreated or were administered captopril (0.1 mg/kg/day) in their drinking water before and/or after exposure to 7.5 Gy beginning 24 hours after irradiation (day þ1) and continuing for 7 days (p ! 0.05 from untreated irradiated mice). The MST of the three mice that died was 23 days (95% CI, 19À26). Mice administered captopril beginning 1 hour (day 0) after irradiation and continuing through day þ30 exhibited 100% survival for 30 days (p ! 0.001 compared to untreated irradiated mice).
The radiation sensitization or protection induced by captopril was reflected in the body weights of the mice (Fig. 2C) . Radiation in untreated mice resulted in significant weight loss observable within 1 day postirradiation, with a nadir w13 to 20 days postirradiation. Mice that received captopril prior to irradiation, either days À7 through 0 or days À7 through þ30, exhibited greater weight loss than untreated irradiated mice. In mice administered captopril before irradiation, the reduction in body weight occurred for an extended time, and was significant between days 16 and 28 postirradiation (p ! 0.05 compared to untreated irradiated mice). In contrast, mice treated with captopril after radiation exposure (days 0 through þ30) maintained higher average body weights compared with untreated irradiated mice. The increased weight was significant between days 9 and 20 when compared to untreated irradiated mice (p ! 0.05). Captopril treatment in the absence of radiation had no effect on body weight when compared to untreated control mice.
Captopril administration affects mature blood cell recovery following irradiation We hypothesized that protection from radiation-induced hematopoietic injury by captopril treatment postirradiation was associated with enhanced hematopoietic progenitor cell activity resulting in accelerated blood cell recovery.
We examined the effects of two captopril regimens on hematopoietic recovery from 7.5-Gy TBI. Groups of mice received 1) no treatment, 2) captopril for 7 days prior to irradiation (day À7 through 0), 3) or captopril after irradiation beginning 1 hour postirradiation (day 0) and continuing for either 2 hours or 2, 7, 10, or 14 days after irradiation. Complete blood count analyses were performed on separate groups of mice at 2 hours, and 2, 7, 10, and 14 days postirradiation. A rapid decline of all mature blood cell types was observed following irradiation (Fig. 3A) . In mice that received captopril prior to irradiation, a loss of red blood cells occurred earlier and was more pronounced during the entire time course when compared to untreated irradiated mice. The decline in red blood cells was reflected by decreased levels in hematocrit and hemoglobin compared with untreated irradiated mice (data not shown). Reticulocyte recovery was also reduced in mice given captopril before irradiation and was significant on day 14 postirradiation. This modest decline in circulating erythroid cells is consistent with substantial radiosensitization of committed erythroid progenitor cells. Failure of platelet recovery was also observed on day 14 postirradiation in the group of mice receiving captopril from day 7 through day 0. In contrast, treatment of mice with captopril starting 1 hour after irradiation resulted in reduced radiation-induced loss of red blood cells, significant on day 14. Administration of captopril postirradiation also significantly improved reticulocyte recovery on day 14 and platelet recovery on days 10 to 14 postirradiation.
Radiation-induced hematopoietic injury can lead to hemorrhage (petechiae and ecchymoses) and microhemorrhage in multiple organs, including the brain and GI tract [4] . Hemorrhages associated with acute radiation injury are ascribed to loss of platelets below a threshold level [25] . We examined the effects of 7.5 Gy 60 Co on brain and GI hemorrhaging on days 10 and 14 postirradiation. No petechiae were detected on day 10. However, on day 14, 60% of untreated irradiated mice had grossly observable brain hemorrhages (4 were classified as mild; 2 were classified as minimal; n 5 10). The sensitization or protection of blood cells by captopril was reflected by the presence or absence of gross hemorrhage and intracerebral microhemorrhages. All mice treated with captopril prior to irradiation (days À7 through 0) exhibited brain hemorrhages (4 mild, 6 minimal; n 5 10) (Fig. 3B) . In contrast, none of the mice treated with captopril postirradiation (starting on day 0) exhibited brain hemorrhages (n 5 6). Evidence of gross vascular or microvascular hemorrhage in the GI tract was not observed in any group (data not shown).
Captopril effects on bone marrow recovery Radiation-induced stress can compromise the hematopoietic repopulation potential of HSC. Following high-dose TBI, there is an immediate proliferative demand on functionally spared LT-and ST-HSC to repopulate the ablated hematopoietic system [7] . Sustained hyperproliferation and differentiation signals can result in fewer HSC selfrenewing divisions and can lead to exhaustion of the HSC pool and marrow repopulating failure. The molecular mechanisms preserving HSC require a balance between proliferation, differentiation, and self-renewal. These interrelated processes and mechanisms are important and not fully understood. Based on our postirradiation survival findings, we hypothesized that spared HSC are substantially less abundant and/or have an impaired repopulating potential in mice receiving captopril before irradiation as compared to mice treated with captopril postirradiation. To assess the kinetics of marrow repopulation, we examined total bone marrow cellularity and quantified assayable HPC production (in vitro CFU clonogenic assays) using marrow obtained from mice treated with radiation alone and in the two captopril-radiation regimens described here. Mice that received captopril before irradiation died with greater bone marrow progenitor/stem depletion, which resulted in impaired marrow repopulation and decreased survival (radiosensitization). On day 14 postirradiation, mice receiving captopril prior to irradiation (days À7 through 0) exhibited reduced nucleated cellularity in the femoral bone marrow compared with mice in the untreated radiation-only group. This indicated a gross deficit in total hematopoietic cell production in the marrow compartment (Fig. 4A) . No significant differences in the number of total nucleated cells were observed between the radiation-only group and the captopril postirradiation treatment groups.
Next, we characterized the types of hematopoietic progenitors present in each treatment group to assess the rapid loss of CFU and their subsequent expansion in the marrow compartment following radiation-induced hematopoietic injury. At day 5, but not day 14, postirradiation, the number of total marrow CFU was significantly reduced in mice pretreated with captopril when compared with untreated irradiated mice (Fig. 4B, C) . We also observed specific reductions in CFU-M populations. In contrast, mice treated with captopril postirradiation exhibited a significant increase in myeloid CFU progenitor cell production (CFU-GM and CFU-M) and total CFU at 5 days postirradiation (Fig. 4B ). Trends were observed for improved recovery of CFU-GEMM and BFU-E, but these did not reach significance. At day 14 postirradiation, there was a significant increase in the total CFU in mice treated with captopril postirradiation compared with mice that received radiation alone (Fig. 4C) . Trends toward increased levels of CFU-GM and CFU-M progenitor cell activity were also observed in mice that received captopril treatment postirradiation.
Effect of captopril on circulating hematopoietic cells and marrow-derived HPC
Results from mature blood cell counts and CFU assays suggested that captopril affected the sensitivity and/or recovery of hematopoietic cells and their precursors. Other investigators showed that Ang II directly regulates the growth and development of hematopoietic cells through angiotensin receptors on the surface of hematopoietic cells themselves [26, 27] . To investigate the effect of captopril on the HPC cell-cycle profile, total Lin À and Lin
femoral bone marrow cells were isolated from nonirradiated mice after 2 or 7 days of captopril treatment and stained with fluorescein isothiocyanateÀlabeled Ki-67 and 7-aminoactinomycin-D. Whereas 72% of bone marrow Lin À cells were active in the cell cycle in control mice, the Lin À cells from mice that received 2 days of captopril treatment exhibited a significant decrease in the percentage of cells that were actively proliferating. This decrease was followed by a stronger G 1 to G 2 /M/S transition after 7 days of captopril treatment (Fig. 5A) . In contrast to what was observed for Lin À cells, the majority of the LSK þ remained in the G 0 phase of the cell cycle after 2 days of captopril treatment. However, a similar G 1 to G 2 / M/S cell-cycle progression was detected in the LSK þ after 2 or 7 days of captopril treatment (Fig. 5B) .
Discussion
Components of the renin-angiotensin system have been investigated for hematopoietic radiation protection because of the role of this system in hematopoietic cell regulation. Because ACE inhibitors are used extensively in the general population, it is critical to understand the effects of these drugs on radiation-induced hematopoietic injury because radiotherapy is a common therapeutic modality for treating cancer, leukemia, and lymphoma [28, 29] . Paradoxically, both ACE inhibitors and Ang II peptides have been shown to provide protection of the hematopoietic system [16, 18, 20] . Here, we demonstrate that treatment of mice with the ACE inhibitor captopril resulted in either radiation protection or radiation sensitization, depending on the time of captopril administration. Captopril treatment in nonirradiated mice had a biphasic effect on the cycling of ST-HSC with transient quiescence after 2 days of treatment, followed by increased proliferation by 7 days of treatment. Our experiments demonstrate that captopril administration beginning 1 hour or 24 hours after irradiation and continuing for 7 to 30 days increased survival. Therefore, captopril-induced radiation protection correlated with transient quiescence (increased G 0 ) of the ST-HSC population and prevention of stem cell pool exhaustion. However, when captopril was initiated 7 days before irradiation and continued either to the time of irradiation or for an additional 30 days postirradiation, a significant increase in mortality was observed compared to untreated irradiated mice. In this case, radiation sensitization was correlated with increased cycling (increased G 2 /M) of the ST-HSC population at the time of radiation exposure.
HSC quiescence sustains long-term hematopoiesis by protecting the HSC pool from radiation-induced injury and from premature exhaustion under conditions of hematopoietic stress. On the other hand, premature entry of HSC into the cell cycle following radiation exposure exhausts the stem cell pool and leads to hematological failure [30] . The G 2 /M phases of the cell cycle, as well as increased rate of cell cycling, are associated with increased sensitivity to radiation [5, 7] . Examination of the response of HPC in nonirradiated mice indicated that 2 days of captopril administration resulted in HPC transiently withdrawing from the cell cycle with increased percentages of cells in the G 0 /G 1 phases. However, in mice that received captopril for 7 days, the HPC re-entered the cell cycle, resulting in higher percentages of cells in the radiation-sensitive G 2 /M phases of the cycle. Therefore, exposure of the more rapidly cycling cells to radiation resulted in greater damage to the cells. This was reflected by the significant decreases in CFU of multilineage progenitor cells observed at 5 days postirradiation, which ultimately resulted in increased hematopoietic failure. These findings suggest that HSC from captopril-pretreated mice exhibit a higher activated state that is associated with a loss of HSC cell-cycle quiescence and increased susceptibility to radiation therapy. This may have led to impaired long-term repopulating potential, hematopoietic exhaustion, bone marrow failure, and decreased survival. Previous studies demonstrated that ACE inhibition is associated with decreased hematocrit, CD34 þ cell apoptosis, and decreased cycling of hematopoietic stem cells [14, 16, 20, 31] . In some patient populations, captopril was shown to cause granulocytopenia [32, 33] , aplastic anemia [34] , and pancytopenia [35] , highlighting the role of ACE activities in hematopoietic cell homeostasis. Inhibition of ACE prevents proteolytic inactivation of the hemoregulatory peptide N-Acetyl-Ser-Asp-Lys-Pro (AcSDKP), an inhibitor of hematopoietic stem cells cycling in vivo [16] . It was thought that AcSDKP regulation of the hematopoietic stem cell cycle could be the mechanism of radiation protection by ACE inhibitors. However, administration of AcSDKP did not provide radiation protection, whereas 
HSC-enriched cells).
Ang II receptor antagonists provided radioprotective effects similar to ACE inhibition [20] , suggesting that blockade of Ang II maturation is the primary radioprotective effect of ACE inhibitors.
Cell culture experiments by others indicated that Ang II induces proliferation of ST-HSC and increased the formation of CFU-GM and CFU-GEMM colonies [11] . Our results demonstrate that radiation protection by administration of captopril after irradiation was correlated with enhanced repopulation of bone marrowÀderived CFU-GM and CFU-M clonogenic progenitor cells. In contrast, radiation sensitization due to the administration of captopril before irradiation was associated with decreased numbers of stem/progenitor cells (CFU-GEMM, CFU-GM, and CFU-M) in the bone marrow and subsequent dampened mature blood cell recovery. Thus, our findings of radiation protection and sensitization in vivo are similar to in vitro findings for Ang II effects on specific progenitor populations. The differences between these effects may be due to indirect activities of ACE inhibition in vivo on hematopoietic progenitor cell proliferation.
It is of considerable importance that populations of erythrocytes, reticulocytes, and platelets, in addition to leukocytes, exhibited accelerated recovery in mice that received captopril postirradiation. Recent studies have demonstrated that the ability to rapidly reconstitute these lineages plays a key role in rescuing lethally irradiated recipients [36] . Upon reaching a critically low threshold platelet level or severe thrombocytopenia, hemorrhage develops in multiple organs and is a predictor of mortality [4] . The magnitude and duration of severe thrombocytopenia is hypothesized to be as important as severe neutropenia for survival from the radiation hematopoietic syndrome [25] . In our mouse irradiation model, it appears that the threshold level of severe thrombocytopenia was approximately 30,000 platelets/mL. Severe thrombocytopenia (below the threshold level) occurred on days 10 and 14 postirradiation in untreated irradiated mice (22,000 and 25,000 platelets/mL) and in the mice that received captopril before irradiation (15,000 and 12,000 platelets/mL). In both groups, reduced platelet levels were associated with gross macroscopic brain hemorrhage (petechiae and ecchymoses), as well as microscopic hemorrhages. In contrast, mice in the group that received captopril treatment only after irradiation did not have a period of severe thrombocytopenia and evidence of hemorrhage was not observed in any organ. Decreased platelet counts and increased brain hemorrhages observed in mice pretreated with captopril were associated with increased mortality. Conversely, mice administered captopril only postirradiation exhibited improved platelet counts, and brain hemorrhage and death were mitigated.
Captopril has been proposed to function as an antioxidant [37] , a free radical scavenger [38] , and as an inhibitor of other proteases, such as matrix metalloproteinases [39] .
Captopril and other ACE inhibitors, when administered postirradiation have been shown to modify a variety of late radiation-induced tissue injuries in the kidney, lung, skin, and heart [40, 41] . The mechanism of these agents in other tissue types is not completely known. Importantly, the enhanced marrow repopulation capacity observed in our in vivo radiation protective studies further supports our hypothesis that the necessary signals required to efficiently promote HSC repopulation may be potentiated through captopril treatment postirradiation. Irradiation of the bone marrow compartment before transplantation produces cytotoxic effects on the nonhematopoietic cellular constituents in the bone marrow ''hematopoietic niche,'' as well on the hematopoietic cells [42] [43] [44] . Kopp et al. reported that regeneration of damaged sinusoidal endothelial cells in the bone marrow niche is the rate-limiting step in hematopoietic regeneration from myelosuppressive therapy [45] . Although not the focus of this article, captopril-induced radiation protection could possibly act through enhanced nonhematopoietic cell repopulation, resulting in accelerated reconstitution of the requisite hematopoietic supportive osteoblastic niche [46] . Furthermore, our findings suggest that the ability of captopril treatment in vivo to regulate the state of stem cell quiescence and the potential repopulating/regenerative ability of hematopoietic progenitors might have a useful application in clinical transplantation. On the other hand, patients undergoing ACE inhibitor therapy may be at a higher risk for impaired/ delayed HSC engraftment and successful recovery of normal hematopoiesis. Further understanding of the mechanisms of action of captopril and other ACE inhibitors for radiation protection in these tissues will help in the development of future agents for prevention and mitigation of radiation-induced injuries.
